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ABSTRACT
In this paper we compare the molecular gas depletion times and mid-plane hydrostatic pressure in turbulent, star forming disk
galaxies to internal properties of these galaxies. For this analysis we use 17 galaxies from the DYNAMO sample of nearby
(z ∼ 0.1) turbulent disks. We find a strong correlation, such that galaxies with lower molecular gas depletion time (tdep) have
higher gas velocity dispersion (σ). Within the scatter of our data, our observations are consistent with the prediction that tdep∝ σ−1
made in theories of feedback regulated star formation. We also show a strong, single power-law correlation between mid-plane
pressure (P) and star formation rate surface density (ΣSFR), which extends for 6 orders of magnitude in pressure. Disk galaxies
with lower pressure are found to be roughly in agreement with theoretical predictions. However, in galaxies with high pressure
we find P/ΣSFR values that are significantly larger than theoretical predictions. Our observations could be explained with any of
the following: (1) the correlation of ΣSFR −P is significantly sub-linear; (2) the momentum injected from star formation feedback
(p∗/m∗) is not a single, universal value; or (3) alternate sources of pressure support are important in gas rich disk galaxies.
Finally using published survey results, we find that our results are consistent with the cosmic evolution of tdep(z) and σ(z). Our
interpretation of these results is that the cosmic evolution of tdep may be regulated not just by the supply of gas, but also the
internal regulation of star formation via feedback.
Keywords: galaxies: formation — galaxies: evolution — galaxies: structure — galaxies: fundamental parame-
ters
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1. INTRODUCTION
The majority of star-formation in massive galaxies oc-
curred roughly 10 billion years ago, during the epoch z ∼
1−3 (Hopkins & Beacom 2006; Madau & Dickinson 2014).
There are significant differences in the gas and star forma-
tion properties in those distant galaxies, compared to lo-
cal universe spirals. The molecular gas fraction increases
significantly from ∼ 0 to z ∼ 3 (e.g. Tacconi et al. 2013;
Combes et al. 2013), while molecular gas depletion time,
tdep ≡Mmol/SFR, has a only modest decrease from ∼2 Gyr
at z ≈ 0 (Leroy et al. 2012; Bigiel et al. 2008; Rahman et al.
2012; Saintonge et al. 2011) to ∼ 0.3−0.7 Gyr at z≈ 2 (Tac-
coni et al. 2013; Genzel et al. 2015; Scoville et al. 2016;
Schinnerer et al. 2016; Magdis et al. 2017).
The observed evolution of molecular gas depletion time
is considerably more shallow than predictions from simula-
tions and semi-analytic models (e.g. Davé et al. 2011; Lagos
et al. 2015). These theories assume that the depletion time
is mostly regulated by available gas supply, and the cosmic
evolution of the dynamical time. Alternatively, the slow evo-
lution has been seen as evidence that local processes may de-
termine gas depletion times (e.g Genzel et al. 2015). Indeed,
the internal properties of galaxies at higher redshift are ob-
served to be very different. They have super-giant star form-
ing regions (Genzel et al. 2011; Wisnioski et al. 2012; Guo
et al. 2012; Fisher et al. 2017b) and elevated gas velocity dis-
persions (Förster Schreiber et al. 2009; Lehnert et al. 2009;
Swinbank et al. 2012; Wisnioski et al. 2015, e.g.). Recent
high-resolution observations confirm predictions (e.g. Dekel
et al. 2009; Genzel et al. 2011) that the properties of these
giant star-forming regions, so-called “clumps”, are directly
consistent with being the result of galaxy wide disk insta-
bilities (Fisher et al. 2017a; White et al. 2017; Dessauges-
Zavadsky & Adamo 2018). We note that alternate theories
do exist. For example Inoue & Yoshida (2018) argue that
clumps are consistent with forming via fragmentation of spi-
ral arms, which are likewise consistent with data.
The elevated gas velocity dispersions in gas rich galax-
ies are most commonly interpreted as signatures of strong,
galaxy wide turbulence. Some authors have interpreted this
turbulence to be driven by star formation feedback from star
formation (e.g. Lehnert et al. 2013; Green et al. 2010), how-
ever the nature of the mechanism driving this turbulence re-
mains under debate (e.g. Krumholz & Burkhart 2016).
Ostriker et al. (2010) present a detailed model for star for-
mation in which the vertical pressure is balanced by pres-
sure supporting mechanisms, such as energy injected from
supernovae. In this model turbulence is driven primarily by
feedback from supernova explosions. Models in which star
formation feedback drives turbulence (also Faucher-Giguère
et al. 2013) predict that in marginally stable systems the de-
pletion time is inversely dependent on the vertical velocity
dispersion (σz). Ostriker & Shetty (2011) also predicts that
the SFR surface density should be directly proportional, or
at least nearly proportional (Kim et al. 2013; Shetty & Os-
triker 2012), to the mid-plane pressure of the galaxy disk. In
essence the pressure from the galaxy is supported by the en-
ergy injected from feedback processes associated with star
formation. If the depletion time is indeed linked to the in-
ternal kinematics this may give an explanation for the slow
cosmic evolution of tdep, as it would be regulated not just by
gas inflow but also by feedback processes.
Krumholz et al. (2012) present an argument in which the
turbulence is driven by gravitation alone. They argue that
feedback is not necessary to describe the bulk properties of
star formation in galaxies. Krumholz & Burkhart (2016) ar-
gue that galaxies follow a linear correlation such that SFR∝
σ, albeit with significant scatter, which is predicted in this
theory. These models predict a very different dependence
of depletion time. In this case, tdep is most affected by the
dynamical time of the galaxy (similar to Davé et al. 2011;
Lagos et al. 2015), and either has no dependence on velocity
dispersion or a positive dependence. Different models of tur-
bulence driving mechanisms therefore predict very different
parameter dependencies with tdep.
Heretofore, these direct predictions remain difficult to test
due to a lack of sufficient range in parameters. For exam-
ple, σ is effectively constant across well studied samples of
nearby galaxies, like THINGS (Leroy et al. 2008). Obser-
vations of higher redshift galaxies would provide larger dy-
namic range in properties like mid-plane pressure, molecular
gas depletion time and σ. However, with present facilities
the signal-to-noise of internal properties of galaxies is low,
and introduces both a significant amount of scatter to cor-
relations, as well as a selection bias towards larger, brighter
targets.
We use the DYNAMO sample (Green et al. 2010, 2014)
of rare galaxies located at z = 0.075 ∼ 0.2 that have prop-
erties very similar to turbulent, clumpy disk galaxies more
commonly found at higher redshift.
Throughout this paper, we assume a concordance cosmol-
ogy with H0 = 67 km s−1 Mpc−1, ΩM = 0.31, and ΩΛ = 0.69.
2. SAMPLE AND DATA SOURCES
2.1. DYNAMO Sample
The galaxies considered here are a subset of the DYNAMO
survey galaxies Green et al. (2014). DYNAMO galaxies are
selected from SDSS DR4 based on high Hα line flux, while
excluding AGNs from the sample. In Fig. 1 we show that
the galaxies in our sample have specific star-formation rates
(SFR/M∗) that range from the low-z main-sequence values to
those of z≈1-2. The sample spans Mstar = 0.9−9×1010 M,
SFR∼ 1−60 M yr−1 and extinction A(Hα)∼ 0.2−1.7 mag.
Overall, galaxies similar to those in DYNAMO-HST are ex-
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Table 1. Sample Properties
Galaxy z Mstar Mmol Kinematic SFR R1/2 Emission Gas
1010M 109M Sourcea M yr−1 kpc Linea Sourcea
C14-2 0.0562 0.56 1.83 ± 0.36 WiFeS3 1.12 ± 0.17 4.0 Hα3 IR SED3
D00-2 0.0813 2.43 5.08 ± 0.84 WiFeS3 5.14 ± 0.72 3.5 Hα3 IR SED3
G03-2 0.12946 0.65 5.16 ± 1.18 WiFeS3 4.6 ± 0.89 4.5 Hα3 IR SED3
G10-1 0.14372 2.75 13.45 ± 2.15 GMOS3 15.7 ± 1 1.2 Hα3 CO(1-0)3
D20-1 0.07049 2.95 5.93 ± 0.65 WiFeS3 4.7 ± 0.25 3.4 Hα3 CO(1-0)3
G04-1 0.12981 6.47 29.00 ± 2.10 GMOS2 21.32 ± 1 2.8 Hα2 CO(1-0)1
G20-2 0.14113 2.16 5.22 ± 0.59 GMOS2 18.24 ± 0.35 2.1 Hα2 CO(1-0)3
D13-5 0.07535 5.38 11.90 ± 0.36 GMOS2 17.48 ± 0.45 2.0 Hα2 CO(1-0)1
G08-5 0.13217 1.73 7.11 ± 0.79 GMOS2 10.04 ± 1 1.8 Hα2 CO(1-0)3
D15-3 0.06712 5.42 9.36 ± 0.18 WiFeS2 8.29 ± 0.35 2.2 Hα2 CO(1-0)3
G14-1 0.13233 2.23 4.94 ± 0.59 GMOS2 6.9 ± 0.5 1.1 Hα2 CO(1-0)3
C13-1 0.07876 3.58 5.91 ± 0.15 WiFeS2 5.06 ± 0.5 4.2 Hα2 CO(1-0)3
C22-2 0.07116 2.19 4.94 ± 0.35 OSIRIS4 3.2 ± 0.28 3.4 Pa α4 CO(1-0)5
SDSS024921-0756 0.153 3.02 7.30 ± 0.56 OSIRIS4 10.54 ± 1.054 1.1 Pa α4 CO(1-0)5
SDSS212912-0734 0.184 7.08 51.15 ± 3.77 OSIRIS4 53 ± 5.3 1.3 Pa α4 CO(1-0)5
SDSS013527-1039 0.127 7.08 34.89 ± 1.61 OSIRIS4 25.27 ± 2.527 1.6 Pa α4 CO(1-0)5
SDSS033244+0056 0.182 7.24 40.32 ± 2.39 OSIRIS4 60.5 ± 6.05 1.9 Pa α4 CO(1-0)5
aReferences: 1-Fisher et al. (2014), 2-Fisher et al. (2017a), 3-White et al. (2017), 4-Oliva-Altamirano et al. (2017), 5- This
publication
tremely rare in the local Universe, with a space density of
∼ 10−8 −10−7 Mpc−3.
A number of observational results have been published
showing that DYNAMO galaxies are more similar to z≈ 1.5
main-sequence galaxies than local Universe ULIRGs (Ultra-
Luminous Infrared Galaxies). DYNAMO galaxies have very
high molecular gas fractions, fgas ≈ 0.2 − 0.8 (Fisher et al.
2014; White et al. 2017), where as local Universe galax-
ies typically have molecular gas fractions of less than 10%.
White et al. (2017) shows that unlike local Universe ULIRGs,
DYNAMO galaxies have lower dust temperatures (Tdust ∼
20−30 K).
An important similarity of DYNAMO galaxies to z∼ 1−2
main-sequence galaxies is in the kinematics. DYNAMO
galaxies are rotating systems with high gas velocity disper-
sions, σ ∼ 20 − 100 km s−1 (Green et al. 2010, 2014; Bas-
sett et al. 2014; Bekiaris et al. 2016). Observations with
∼100 pc resolution confirm these high dispersions are not
caused by beam-smearing effects (Oliva-Altamirano et al.
2017). Moreover, Bassett et al. (2014) show that these kine-
matic signatures are also observed in the stellar kinematics of
DYNAMO galaxies, thus indicating it is not likely a gas disk
inside of system of stars with different kinematics. Finally,
Obreschkow et al. (2015) show that the angular momentum
of DYNAMO galaxies is low for disks of their stellar mass,
but is very similar to what has since been observed in z≈ 1.5
main-sequence galaxies (Swinbank et al. 2017).
Using HST Hα maps, Fisher et al. (2017b) show that DY-
NAMO galaxies are “clumpy”, and when DYNAMO images
are degraded to match z ≈ 2 observations they meet quan-
tified definitions of clumpy galaxies (e.g. Guo et al. 2015).
Moreover, Fisher et al. (2017a) show that those DYNAMO
galaxies identified as “disks” meet detailed predictions of
Toomre (1964) instability theories, whereas control galaxies
identified as mergers do not. Specifically, the correlation be-
tween the size of clumps and kinematics of the disk.
Overall, the properties of DYNAMO galaxies most closely
resemble galaxies at z ≈ 1 − 2. DYNAMO galaxies are
therefore excellent laboratories for studying the processes in
clumpy, turbulent disks with higher resolution and greater
sensitivity.
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Figure 1. SFR is plotted against stellar mass for galaxies in our
sample. The color of data points indicates the data type used to de-
termine the SFR and the gas mass. We also plot as dashed lined the
main-sequence of galaxies at three different redshifts, z = 0.1,1,2.
Main-sequence values are taken from Speagle et al. (2014). DY-
NAMO galaxies span the range in SFR-M∗ from z > 0.1 to z ≤ 2.
In this analysis we only include targets that are identified
as "disk galaxies". We use the same criteria as described
in Fisher et al. (2017b) that disk galaxies show both rotat-
ing ionized gas in 2-D velocity fields and are well fit by an
exponentially decaying surface brightness profile. For sur-
face photometry we use the FR647M continuum images for
galaxies imaged with HST and the 1.9 µm continuum for
galaxies observed with OSIRIS. For the galaxy G10-1 we
use 500 nm continuum from GMOS for the stellar surface
brightness profile, this has 1.2 kpc resolution. Galaxies G03-
2, D00-2 and C14-2 only have SDSS imaging to measure
the stellar surface brightness profile, which is considerably
poorer resolution. However, all three of these galaxies have
measured dust temperatures from Herschel data of 20-30 K
(White et al. 2017), which strengthens the case that they are
disk-like systems rather than major-mergers. These 3 targets
are plotted as different color points in all results figures. As
discussed in Fisher et al. (2017b) galaxies H10-2 and G13-1
do not meet the criteria of disks, and from Oliva-Altamirano
et al. (2017) galaxy E23-1 does not meet this definition of a
disk galaxy.
For our analysis we make observations to measure molec-
ular gas masses, ionized gas maps with ∼ 100 pc resolution,
and kinematics of ionized gas. We present gas masses and
kinematics on 17 DYNAMO galaxies, and we obtain ionized
gas maps for 13 targets. All of these methods are well tested
and have been used on the DYNAMO sample in previously
published works. Here we summarize the basics of each.
2.2. Gas Masses
We compile CO(1-0) observations from Fisher et al. (2014)
and White et al. (2017) using PdBI and NOEMA, respec-
tively, with new NOEMA observations.
New NOEMA observations were made during the period
May-December 2016, with observing programs S16CK and
W16BK (PI:Fisher). We use the same observational method
and similar measurement techniques as was previously pub-
lished in Fisher et al. (2014) and White et al. (2017). Simi-
lar to previous observations (Fisher et al. 2013; White et al.
2017) all observations were made with the WIDEX correla-
tor. These observations comprise 6 of the targets listed in
Table 1.
Typical integration times were 1∼ 2 hours in C or D con-
figurations. The correlator was tuned to observe the red-
shifted CO(1-0) emission line in each target. This yielded
an on-sky frequency of 97-107 GHz for targets ranging in
redshifts from 0.18 to 0.07. These observations were then
calibrated using standard GILDAS routines in CLIC, and
then cleaned with the MAPPING pipeline routine during an
on-site visit to IRAM. Observations were reduced with the
default channel width of 20 km s−1, and then binned to
50 km s−1 yielding cubes with typical RMS∼ 2−3 mJy. Final
flux uncertainties for each target are given in Table 3.
Our targets are unresolved in these PdBI and NOEMA ob-
servations. Two of the sources (D 20-1 and C22-2) have
particularly elongated beams. However, these do not signifi-
cantly affect the measurement of the flux. We have overlaid
the beam shape and size on SDSS r-band images and checked
each source for possible contamination from other sources.
The only source with an additional source in the beam area is
G20-2, which contains a point source representing less than
1% of the flux of G20-2 in the FR647M HST continuum im-
age, but is barely detectable in Hα. It is, therefore, not likely
this is changing the CO flux by a significant amount.
The spectrum for each target is measured in a polygon re-
gion containing the galaxy. These spectra are shown in in
the Appendix. Fluxes are obtained by binning the data into
50 km s−1 channels, and then integrating the resulting spec-
trum. The choice in range of channels to integrate over is
made by starting at the redshifted frequency of the CO(1-0)
line and summing all adjacent channels that are above the
noise limit. The total line-widths of our targets are typically
300-400 km s−1. Noise levels for the observations ranged
0.5-1.0 mJy. We also consider that the choice in how mea-
sure flux may affect the final value. We therefore also mea-
sure flux by fitting a single component Gaussian function to
the data, as well as measuring the flux in 20 km s−1 channels.
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Table 2. Derived Properties of Sample Galaxies
Galaxy σ Vf lat tdep ΣSFR P/kB PDE/kB
[km s−1] [km s−1] [Gyr] [log(M yr−1 kpc−2)] [log(cm−3 K)] [log(cm−3 K)]
C14-2 26 159 1.63 ± 0.41 -2.254 ± 0.093 4.63 ± 0.42 4.96 ± 0.37
D00-2 35 61 0.99 ± 0.21 -1.464 ± 0.089 5.47 ± 0.28 5.80 ± 0.21
G03-2 32 189 1.12 ± 0.34 -1.751 ± 0.106 4.91 ± 0.41 5.27 ± 0.31
G10-1 52 117 0.86 ± 0.15 -0.094 ± 0.071 7.64 ± 0.24 7.96 ± 0.15
D20-1 35 134 1.26 ± 0.15 -1.500 ± 0.032 5.56 ± 0.21 5.89 ± 0.17
G04-1 50 269 1.36 ± 0.12 -0.650 ± 0.030 6.94 ± 0.16 7.26 ± 0.13
G20-2 81 166 0.29 ± 0.03 -0.482 ± 0.023 6.45 ± 0.18 6.82 ± 0.13
D13-5 46 192 0.68 ± 0.03 -0.475 ± 0.024 6.86 ± 0.14 7.18 ± 0.12
G08-5 64 243 0.71 ± 0.11 -0.628 ± 0.048 6.67 ± 0.19 7.04 ± 0.13
D15-3 45 240 1.13 ± 0.05 -0.867 ± 0.028 6.61 ± 0.13 6.94 ± 0.12
G14-1 70 136 0.72 ± 0.10 -0.358 ± 0.038 7.33 ± 0.19 7.68 ± 0.14
C13-1 29 223 1.17 ± 0.12 -1.644 ± 0.048 5.27 ± 0.25 5.60 ± 0.20
C22-2 32 164 1.54 ± 0.17 -1.647 ± 0.044 5.45 ± 0.25 5.78 ± 0.19
SDSS024921-0756 57 84 0.69 ± 0.09 -0.135 ± 0.061 7.58 ± 0.16 7.91 ± 0.13
SDSS212912-0734 53 105 0.97 ± 0.12 0.411 ± 0.061 8.56 ± 0.16 8.82 ± 0.13
SDSS013527-1039 41 232 1.38 ± 0.15 -0.110 ± 0.061 7.88 ± 0.16 8.14 ± 0.13
SDSS033244+0056 59 239 0.67 ± 0.08 0.134 ± 0.061 7.81 ± 0.14 8.11 ± 0.13
aUncertainty on σ is 3-5 km s−1 and on Vf lat is 5-10 km s−1.
We take the standard-deviation of the 4 different fluxes for
each target and add this in quadrature with the noise in the
spectrum to estimate the measurement uncertainty of flux.
This value is shown in each spectrum in the Appendix. The
range of signal-to-noise for new NOEMA observations was
S/N = 10 − 22. Observational details of CO detections are
listed in Table 3.
The CO(1-0) flux is converted to molecular gas mass
(Mmol) in the usual fashion, in which Mmol = αCOLCO, where
LCO is the luminosity of CO(1-0), and αCO is the CO-to-H2
conversion factor, including a 1.36× correction for heavier
molecules. We adopted the standard value αCO = 4.36. We
have made multiple efforts to determine the most appropri-
ate value of αCO. First, based on SDSS spectra DYNAMO
galaxies have slightly sub-solar metallicity. Recently, White
et al. (2017) study the dust temperature for a set of DY-
NAMO galaxies, including several in this work. They find
that DYNAMO galaxies have low dust temperatures, Tdust ∼
20 − 30 K, implying Milky Way like conversion factors (as
reviewed in Bolatto et al. 2013). Moreover, of the few galax-
ies that have both dust SED and CO(1-0) observations the
estimated gas masses agree to ∼25%. Finally, Fisher et al.
(2014) uses the formula from (Bolatto et al. 2013) which es-
timates αCO via the baryonic surface density, and found a
results consistent with the Milky Way value.
We also include 3 targets from White et al. (2017) for
which the gas mass is determined from Herschel observa-
tions. Here we estimate the dust mass by fitting black-body
models to the infrared spectral energy distribution, and then
converted to molecular gas mass by assuming a constant
dust-to-gas ratio, similar to other works (e.g. Genzel et al.
2015).
2.3. Star Formation Rates
Fisher et al. (2017b) presents 10 HST Hα maps of DY-
NAMO galaxies, using ramp filters FR716N and FR782N us-
ing the Wide Field Camera on the Advanced Camera for Sur-
veys (WFC/ACS) on the Hubble Space Telescope (HST; PID
12977, PI Damjanov). Integration times were 45 min in the
narrow band filter and 15 min with the continuum filter. All
images were reduced using the standard HST pipeline. We
correct the fluxes measured in the image using a an [NII]/Hα
ratio determined from the SDSS spectrum for each target.
Seven of the the DYNAMO-HST sample galaxies also have
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CO(1-0) fluxes and are included here. A detailed descrip-
tion of the observations, continuum subtraction and clump
measurement is given in Fisher et al. (2017b). The typical
resolution of DYNAMO-HST observations is 60-150 pc.
We also observed 5 galaxies with Pa α emission line ob-
served with Keck OSIRIS (Larkin et al. 2006). Our tar-
gets were observed with the laser guide star system with
exposure times of 4×900 s, achieving resolution of 150-
400 pc. We use the OSIRIS data reduction pipeline version
2.3. To flux-calibrate the OSIRIS spectra, we use the telluric
stars observed each night (an average of 3 telluric stars per
night). Our method corresponds to a first order flux calibra-
tion consistent with the 2MASS magnitudes within ∼20%.
Detailed descriptions of both observation and reduction of
OSIRIS data cubes is given in Bassett et al. (2017) and Oliva-
Altamirano et al. (2017).
Star formation rates are calculated from the emission line
flux using the extinction-corrected Hα line luminosity by
assuming star formation rate [M yr−1] = 5.53× 10−42LHα
[ erg s−1] (Hao et al. 2011). We calculate the intrinsic Hα
extinction using the Hα and Hβ line ratios from SDSS spec-
trum. For those targets with OSIRIS data we divide the Pa α
luminosity by the intrinsic luminosity ratio, LPa α/LHα =
0.128 (Calzetti 2001). Using Hα fluxes from Green et al.
(2017) we find that SFRHα −SFRPaα ≈±2.5 M yr−1.
Three galaxies in our sample have neither HST nor OSIRIS
data. For these we use the published Hα emission line fluxes
measured from AAT/SPIRAL and AAT/WiFES (Green et al.
2017).
2.4. Kinematics
Data cubes containing intensity, velocity dispersion and ro-
tation velocity of each galaxy are extracted from the data by
fitting Gaussian functions with PSF convolution to emission
lines in individual spaxels. These are then fit with kinematic
models by method of least-squares using the GPU based soft-
ware gbkfit (see Bekiaris et al. 2016). Inclination is taken
from photometry. We model the rotation velocity, vrot , with
the function(Boissier et al. 2003)
vrot(r) = v f lat
[
1− exp(−r/r f lat)
]
. (1)
The software then returns v f lat and r f lat .
The fit to the data cubes also includes an intrinsic com-
ponent of velocity dispersion, σ. In the model the velocity
dispersion is assumed to be constant across the disk. Fit-
ting the velocity dispersion simultaneously in the model al-
lows for accounting of the beam smearing in the data (Davies
et al. 2011), as well as inclination. This flat velocity disper-
sion profile makes a necessary assumption that the galaxy is
a disk, and further requires our effort to exclude mergers as
described above.
An alternative approach to modeling velocity dispersions
is to make a weighted average of the velocity dispersion
in the region of the galaxy that also shows a flat rotation
curve. Oliva-Altamirano et al. (2017) investigates both meth-
ods with DYNAMO galaxies. They generate model galaxies
designed to match clumpy DYNAMO disks. Then fit these
with both gbkfit as well as straightforward averages. They
find that both methods recover similar values for velocity dis-
persion, with modeling being slightly more stable as it intrin-
sically accounts for rising dispersion in galaxy centers. On
average the models and average methods have a difference
of σave −σmodel . 5 km s−1, which is consistent with our error
bars.
The data sources for both σ and V include AAT/WiFES Hα
observations (Green et al. 2014), Keck OSIRIS observations
of Pa α (Oliva-Altamirano et al. 2017), and Gemini GMOS
observations of Hα and Hβ (Bassett et al. 2014; Fisher et al.
2017a). For a more detailed description of Gemini observa-
tions see Bassett et al. (2014). In those cases in which mul-
tiple observations are made on a single target we preference
first the GMOS observations, as this data set offers both deep
high S/N observations and sub-kpc resolution, then OSIRIS
observations due to the high resolution, then AAT observa-
tions. The kinematic parameters we use here, derived from
the three separate data sets are found to generally agree on the
order of the uncertainties, ∼ ±5 − 10km s−1 (Bekiaris et al.
2016; Bassett et al. 2014; Oliva-Altamirano et al. 2017).
3. MOLECULAR GAS DEPLETION TIME IN
TURBULENT DISKS
In our sample we find a range of tdep = 0.3−1.6 Gyr, with
the average for our sample at 1 Gyr. This range in tdep was the
intended effect of targeting galaxies with a range in SFR/M,
as shown in Fig. 1. Our observations reproduce the relation-
ship1 between tdep and the SFR/M∗ as Saintonge et al. (2011)
of tdep ∝ (SFR/M)−0.53±0.14 with Pearson’s correlation coef-
ficient of r = −0.6. This correlation has also been observed
in high redshift galaxies (e.g. Tacconi et al. 2017). This con-
tinues to motivate our treatment of this DYNAMO sample
as well representing the properties of actively star forming
galaxies.
3.1. Relationship with Gas Velocity Dispersion
In Fig. 2 we compare tdep to velocity dispersion of ionized
gas(σ). For reference, Wisnioski et al. (2015) finds that σgas
increases from ∼ 10−20 km s−1 in the local Universe to σ >
30 km s−1 at z > 1. In our sample, all galaxies with tdep <
1 Gyr have σ > 40 km s−1.
Considering our entire DYNAMO data set we find a strong,
inverse relationship between the molecular gas depletion
time and the gas velocity dispersion, with Pearson’s corre-
1 Throughout this paper we measure parameter correlations using the the
maximum likely hood R package Hyperfit (Robotham & Obreschkow 2015).
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Figure 2. The relationship between galaxy depletion time, and in-
ternal gas velocity dispersion is shown. Symbol colors represent
the source of data as described in Fig. 1. The grey region indicates
the 1σ scatter around the best-fit relation. The dashed line repre-
sents the prediction from multi-free fall, turbulence models (Salim
et al. 2015). The dotted line indicates the prediction from feedback
driven models (e.g. Ostriker et al. 2010). Indeed we observe a strong
negative correlation between tdep and σgas.
lation coefficient of r = −0.8 and p-value of 8.7× 10−5. The
best fit relationship for these quantities is
log(tdep) = −1.39±0.23× log(σ)+2.27±0.38, (2)
where tdep is in Gyr and σ is in km s−1. The vertical scat-
ter around this correlation is 0.12 Gyr. We note in our data
set this correlation has less scatter, and a stronger correlation
coefficient than that of tdep and SFR/M∗.
To investigate how much the correlation depends on the
galaxy with the largest velocity dispersion/shortest depletion
timescale (G20-2), we remove it from the sample and recom-
pute r and p. It is possible that this galaxy is at the least af-
fecting the power-law of the correlation to some degree. We
therefore refit the data excluding galaxy G20-2. We still find
a strong, inverse correlation for the data set that excludes this
target, with Pearson’s correlation coefficient r = −0.78 and p-
value of 4.7× 10−4. The best fit quantities for this subset of
the data that does not include G20−2 is
log(tdep) = −1.04±0.20× log(σ)+1.71±0.33. (3)
To be clear the exclusion of G20-2 is a completely ad hoc
treatment. We do not observe any special features of this
target that lead us to believe it is any more peculiar than
the other DYNAMO galaxies. Fisher et al. (2017b) presents
both the Hα map and 600 nm continuum surface brightness
profile of all DYNAMO galaxies, and G20-2 does not have
significant asymmetries, aside from the presence of clumps.
Moreover, there are no detectable companion galaxies in the
HST images. We do note that G20-2 has a very prominent
ring with radius ∼1 kpc. This may be driving a higher star
formation efficiency or larger σ when compared to other DY-
NAMO galaxies. However, G04-1 and D13-5 both have rings
as well, albeit less prominent than that of G20-2. We note
that in Fig. 4 of this work we will find that G20-2 is not an
out-lier.
As discussed in Robotham & Obreschkow (2015) the max-
imum likelihood fitting technique provides a robust treatment
of uncertainties. Nonetheless, we also consider ordinary least
squares (OLS) bisector fits to the data. We do this to ensure
that our fitting method is not somehow biasing the result.
Also, OLS techniques have been in use for a much longer
time (Isobe et al. 1990), allowing for standard comparison
with previous work. We find that a fit to all our data recovers
an OLS bisector of tdep ∝ σ−1.30±0.18 and the fit to the data
set in which G20-2 is omitted recovers an OLS bisector of
tdep ∝ σ−1.03±0.19. These different fitting methods, therefore,
yield results that are within uncertainties of each other.
The error bars in Fig. 2 are representative of the measure-
ment uncertainties propagated through to the physical quan-
tities. In the case of depletion time, however, it is likely that
the systematic uncertainty is somewhat larger. The system-
atic uncertainty on tdep could be as high as a factor of 2 for
any single object (eg. Bolatto et al. 2013). To determine the
impact of this on the robustness of the correlation in Fig. 2 we
carry out a simple bootstrap experiment. We randomly mod-
ify the log(tdep) values to scatter around each point within a
Gaussian distribution with σgauss = 0.15 dex. We ran 1000 it-
erations, determining the correlation coefficient and p-value
of each realization. We find that the median correlation co-
efficient is r = −0.63 with a standard deviation of 0.11, and
the median p = 0.006 with standard deviation of 0.04. We
rerun this with more pessimistic assumption of a flat distri-
bution with width of±0.15 dex, and find similar median cor-
relation coefficient of r = −0.6 and p-value still indicating a
strong correlation, with median p = 0.01. Removing G20-2
from the fit reduces the robustness of the correlation, but with
r = −0.53 and p = 0.03 the data still represents a high proba-
bility of correlation. Therefore, the correlation we observe in
Fig. 2 appears to be robust against the systematic uncertain-
ties on the depletion time.
As we state above, exclusion of G20-2 in the fitted sample
only marginally affects the robustness of the fit, measured
either by Pearson’s r or the p-value. Both sample choices
satisfy definitions of "strong correlation" based on these sta-
tistical metrics. However, inclusion (or exclusion) of G20-2
does have a significant impact on the power-law in the corre-
lation between tdep and σ. Future samples that contain more
galaxies with tdep . 0.5 Gyr would be helpful to further con-
strain the exact value of the power-law. With our current sam-
ple there appears to be enough evidence to support a statisti-
cally significant inverse correlation between tdep and σ, with
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power-law ranging between σ−1 and σ−1.4. We will there-
fore consider predictions within this range consistent with
our data set.
We note that the systematic observational effect of in-
creased velocity dispersion on αCO should result in the op-
posite trend. If the velocity dispersion of gas is increased by
components other than internal cloud properties, then the ef-
fect is a systematic increase in observed CO luminosity (see
discussion in Bolatto et al. 2013). This would increase the
observed tdep in galaxies with larger σ. Our observations of
the opposite trend in Fig. 2, then implies this correlation is
likely physical, and may even be steeper than our observa-
tions if considers variations in αCO.
Before we compare our observational results to predic-
tions from theory we point out an important assumption. Our
measurement of velocity dispersion relies on ionized gas ve-
locity dispersion maps, whereas theoretical predictions re-
fer total gas or molecular gas velocity dispersions. Ionized
gas velocity dispersions includes broadening due to thermal
broadening. For a gas of 104 K this broadening amounts to
σbr ≈ 10 km s−1, and is added in quadrature with the line-
width due to the motion of gas, such that the observed veloc-
ity dispersion is σ2obs ≈ σ2gas +σ2br. For galaxy samples with
lower measured velocity dispersions, such as in dwarf galax-
ies (as shown in Moiseev et al. 2015) this can be a signifi-
cant contribution, however, our observed velocity dispersions
range from 26 to 81 km s−1. Thermal broadening will at most
contribute 1-2 km s−1.
Levy et al. (2018) find in nearby spiral galaxies that ion-
ized gas gives systematically lower rotation velocities than
molecular gas. They argue that this is because in low-z spiral
molecular gas is in a thin disk, where the ionized gas traces a
thicker, more turbulent component. However, it is not clear if
the same result holds for galaxies, like DYNAMO and z=1-2
main-sequence galaxies, that have significantly higher sur-
face densities of gas and star formation. White et al. (2017)
argues that for systems in dynamical equilibrium, which have
large gas mass surface densities, the bulk of the gas will nat-
urally have higher scale heights, which they show are well
represented by the velocity dispersions measured with ion-
ized gas in DYNAMO galaxies. Ultimately this field would
significantly benefit from direct comparisons of ionized and
molecular gas kinematics in gas rich, turbulent disks, such
studies are at present sparse. Recent work by Übler et al.
(2018) compares ionized gas and molecular gas kinematics
in a single star forming disk galaxy at z=1.4. They find that
the kinematics, both rotation and velocity dispersion, for the
two tracers agree well, within 1-5 km s−1. More work on this
comparison would certainly be welcome, nonetheless, the ev-
idence thus far seems to suggest that at high SFR and high
σion the ionized gas is a good tracer of the gas kinematics.
We therefore make the same assumption that as other stud-
ies (e.g. Förster Schreiber et al. 2009; Lehnert et al. 2009;
Green et al. 2010; Genzel et al. 2011; Wisnioski et al. 2015;
Krumholz & Burkhart 2016) that for our sample σion ≈ σgas.
Theories of the ISM that incorporate feedback from star
formation predict coupling of tdep and σ that is similar to our
observations (Ostriker et al. 2010; Shetty & Ostriker 2012;
Faucher-Giguère et al. 2013; Krumholz et al. 2017). In all
of these theoretical derivations it is shown that in the limit
of marginal stability the turbulent velocity has a linear rela-
tionship with the star formation efficiency. If we assume that
in our targets the ionized gas velocity dispersion is mostly
driven by turbulence, then these models predict tdep ∝ σ−1.
This is represented as a dotted line Fig. 2, and is consistent
with our data, assuming an arbitrary scale factor. In subse-
quent a section we will return to the topic of the scale-factor
in the σ − tdep correlation in light of results presented there.
Salim et al. (2015) derive a star formation law using a
multi-freefall prescription of the gas (see also Federrath &
Klessen 2012). They predict that star formation efficiencies
will depend on both the probability density distribution and
the sonic Mach number of the turbulence. In the limit that the
virial parameter is not significantly variable, the Mach num-
ber is directly proportional to the velocity dispersion. These
models then predict tdep ∝ σ−4/3, which is shown as a dashed
line in Fig. 2. The prediction based on the multi-freefall
model is almost exactly the same as our best fit relation to
our entire data set, tdep ∝ σ−1.39.
In the comparison of both the theories of feedback regu-
lates star formation and the multi-free fall model one must
consider the variation the free-fall time, t f f . A relationship
between σ and tdep in star formation theory can be taken
from Shetty & Ostriker (2012) Equation 20, which states
that σ ∝ (t f f /tdep)(p∗/m∗). Therefore, our interpretation of
Fig. 2 assumes that t f f varies less than tdep and σ. Similarly,
with the results of Salim et al. (2015), the simple relationship
tdep ∝ σ−3/4 can only be derived by assuming that one can
neglect variation in t f f .
For the sample of galaxies in Fig. 2 the we expect that there
significant variation in the galaxy averaged free fall time is
unlikely. We expect that t f f ∝ 1/√ρ (Krumholz & McKee
2005); where ρ is the volume density. We can estimate the
variation in ρ using the parameters Σgas/hz, where hz is the
gas scale-height. For galaxies with longer tdep ∼ 1−2 Gyr the
typical surface density in our sample is 10-50 M pc−2. We
surmise that these lower σ galaxies likely have a disk thick-
ness that is similar to the Milky Way, of order ∼100 pc. For
a clumpy galaxy with lower tdep and higher σ the gas surface
density is typically 100-1000 M pc−2. For these we assume
a disk thickness that is similar to z ∼ 1 edge-on galaxies of
500-1000 pc (Elmegreen et al. 2005). Bassett et al. (2014)
also presents a discussion of two DYNAMO disk thicknesses
based on kinematics of stars and gas; they conclude that hz
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Figure 3. The relationship between galaxy depletion time and dy-
namical time. Symbol colors represent the source of data as de-
scribed in Fig. 1. The dashed lines indicate the averages for each
quantity. We observe a very weak correlation (r = −0.30). The best
fit is tdep ∝ t0.44dyn , with considerable scatter.
is in the range 400-1000 pc. Even though the galaxies in the
bottom left portion of Fig. 2 have higher surface densities,
they are also thicker, and therefore the value of 1/
√
Σgas/hz
will not change much across the sample in Fig. 2. This is con-
sistent with the results of Krumholz et al. (2012), who find
that the distributions of free-fall times of "high-z disks" and
"z=0 spirals" overlap. Moreover, any variance in t f f over this
small dynamic range is likely to be significantly affected by
stochastic scatter. However, if we extended our sample either
to very lower surface density disks or perhaps very extreme
star-bursting disks at z ∼ 4 this assumption that t f f does not
significantly vary may not be as valid. We note that there
is significant uncertainty on the scale-height of the molecu-
lar disk in gas-rich disk galaxies, and more work needs to
be undertaken to study this important quantity. We also note
that these are galaxy-averaged quantities. It is very likely
that measurements at the scale of individual molecular clouds
have increased scatter, and perhaps a different parameter de-
pendency due to the more significant variation of the free-fall
time.
3.2. Dynamical Time
A number of theories and semi-analytic models suggest
that the gas depletion time should be directly connected to
the dynamical time, tdyn = 2piRdisk/Vf lat , of the galaxy (e.g.
Davé et al. 2011; Krumholz et al. 2012). These models are
motivated by the well-known relationship ΣSFR ∝ Σgas/tdyn
observed in nearby galaxies (Kennicutt 1998). Krumholz
et al. (2012) argues that in the "Toomre regime", in which
galaxies have high gas fractions and show marginal stability,
the local star forming region is not able to decouple from the
ambient gas in the galaxy. From this concept they then derive
a positive, linear correlation between tdyn and tdep.
In Fig. 3 we show the relationship between depletion time
and the galaxy dynamical time for galaxies in our sample.
The depletion time does have some dependency on tdyn in that
galaxies with tdep . 1 Gyr always have low tdyn. Effort to fit
a correlation returns a very weak, high scatter relationship,
with Pearson’s correlation coefficient of r = 0.3 and p-value
for this data set is 0.2. The best fit relationship for our data
set is
log(tdep) = 0.44±0.24log(tdyn)−0.44±0.23. (4)
This is significantly more shallow than the prediction for
gravity driven turbulence (Krumholz et al. 2012). We find
no correlation at all between tdep and the product of Q× tdyn,
which is also predicted in the gravity-only theory. We find
that using the same bootstrap method as used to analyze
Fig. 2, to account for systematic uncertainty in tdep, results
in a median correlation coefficient of r=0.25 with standard
deviation of 0.16, the median p-value is 0.3. These values
indicate a very low probability of a correlation between tdep
and tdyn in our data set.
4. EFFECT OF EXTREME PRESSURE ON STAR
FORMATION IN TURBULENT DISKS
Motivated by the qualitative success of feedback regulated
star formation models in describing the relationship between
tdep and σ, we now consider a fundamental prediction of
those same models, the relationship between ΣSFR and mid-
plane hydrostatic pressure, P. Theories describing the forma-
tion of compact star clusters in very high pressures have been
in development for some time (Elmegreen 1989; Elmegreen
& Efremov 1997), and observations of gas-rich, star form-
ing disk galaxies suggests pressures can become very high
compared to low-z spirals (Swinbank et al. 2011).
It is proposed in a number of models that star formation in
disk galaxies is a self-regulating process, in which the pres-
sure of the system is balanced by the feedback processes as-
sociated with star formation (e.g. Ostriker & Shetty 2011;
Kim et al. 2013; Shetty & Ostriker 2012). The semi-analytic
models in Ostriker & Shetty (2011) predict a linear relation-
ship between pressure and ΣSFR, and the simulations of Kim
et al. (2013) find a nearly linear relationship.
4.1. Estimating the Total Mid-Plane Pressure
In this work we use the following formula from Elmegreen
(1989) to estimate the mid-plane hydrostatic pressure within
our galaxies,
P =
pi
2
GΣg
[
Σg +
(
σ
σ∗
)
Σ∗
]
. (5)
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Σgas and Σ∗ represent the gas and stellar mass surface den-
sities, and similarly σ and σ∗ represent velocity dispersions
of the gas and stars.
In the Appendix we outline our method to measure or es-
timate each of these parameters described in Equation 5, as
well as discuss in detail the impact of the uncertainty in each
parameter on the pressure. We briefly summarize our main
sources of uncertainty here. We also note that Equation 5 was
originally developed to describe sub-galactic measurements
of the ISM. Our use of it here requires the assumption that
the ensemble averages of the galaxy are reflective of local
values, though systematic biases may exist.
The largest source of uncertainty in pressure comes from
our use of unresolved CO flux measurements. To calculate
Σgas we assume that the size of the ionized gas disk is equiv-
alent to the size of the molecular gas disk. This assumption
is consistent with observations of high-z galaxies (Tacconi
et al. 2013; Hodge et al. 2015; Bolatto et al. 2015; Dessauges-
Zavadsky et al. 2015) with an uncertainty of 20-50%. How-
ever, we also consider the possibility that the molecular disk
is as large as our unresolved CO measurement. This reduces
the pressure by a factor of∼4 in most targets, and is reflected
in the error-bars of Fig. 4. We also consider the uncertainty
introduced from different assumptions of the atomic hydro-
gen surface density. We find this only has a significant impact
on the 2 lowest pressure systems, and is likewise reflected in
the error bars. For more information on these uncertainties
see the Appendix.
To increase sampling at low pressures, we combine our
sample set here with the observations of the THINGS sample
(Walter et al. 2008), using derived measurements from Leroy
et al. (2008) to calculate ΣSFR and P. The combined data
set spans nearly 6 orders-of-magnitude in mid-plane pres-
sure and 4 orders-of-magnitude in ΣSFR. We note there are
important differences between the THINGS and DYNAMO
measurements of pressure. The THINGS sample has mea-
sured values of both molecular and atomic gas mass surface
density, where the DYNAMO sample only has observations
of molecular gas mass and atomic gas mass surface density
is adopted. This is likely important at lower pressure where
the ratio of molecular-to-atomic gas mass surface density is
lower. Alternatively, THINGS galaxies do not have measure-
ments of ionized gas velocity dispersions. Leroy et al. (2008)
adopts σ ≈ 11 km s−1 as being consistent with their measure-
ments of atomic gas. These considerations are discussed in
more detail in the Appendix. We have five DYNAMO galax-
ies that overlap the range in derived pressure and ΣSFR with
those of the THINGS galaxies. We find the two samples to
have similar values of ΣSFR/P.
For DYNAMO galaxies we find very high values of P/k
compared to local spirals like the Milky Way, reaching as
much as 105 times higher than the pressure in the Milky Way.
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Figure 4. The above figure compares SFR surface density to mid-
plane hydrostatic pressure. The DYNAMO galaxies are labeled
according to data source as described in Fig. 1. In this figure we
also include measurements from Leroy et al. (2008) using THINGS
data. The dashed line represents the theoretical prediction. We find
a strong, sub-linear relationship spanning 4-5 orders of magnitude
inn both ΣSFR and pressure.
This is similar to the pressure of the z ∼ 2 galaxy observed
in Swinbank et al. (2011). DYNAMO galaxies have both
significantly higher gas masses and smaller sizes compared
to Milky Way-like spirals. These differences lead to greater
surface densities, which then create very high pressures that
we observe. In almost all galaxies the “stellar term” of the
pressure, (σ/σ∗)Σ∗ dominates over the “gas term”, Σg. This
is notable as the gas fractions of DYNAMO galaxies are very
high, fgas ∼ 20−60%. Even in this sample of gas-rich galax-
ies we find that on average Pstar/Pgas ≈ 2.3± 1.1. We note
that this is a prediction of feedback-regulated star formation,
that even in gas rich systems the stars contribute a very im-
portant component to the pressure (Ostriker & Shetty 2011).
We will return to this subject in our discussion of dynamical
equilibrium pressure.
4.2. Balance of Star Formation and Pressure in Gas Rich
Disks
In Fig. 4 we compare the mid-plane hydrostatic pressure
P, as described in Equation 5 with the star formation rate
surface density. We find that a single correlation describes
this data well, over 6 orders-of-magnitude in pressure. The
best fit relation is
log(ΣSFR) = (0.76±0.06) log(P/kB)−5.89±0.35. (6)
WhereΣSFR is in units of M yr−1 kpc−2, and P/kB is in units
of cm−3 K. The 1 σ vertical scatter around this relationship
is represented as the shaded grey region in Fig. 4.
It is predicted that ΣSFR = 4(p∗/m∗)−1PNtot , where the
power-law index N is expected to be close to unity (e.g.
Shetty & Ostriker 2012; Kim et al. 2013). Our correlation in
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Fig. 4 is then qualitatively consistent with the prediction of a
strong, positive relationship between these two quantities.
The power-law slope we observe in Fig. 4 is significantly
below unity, which is different than the predictions described
above (shown as the dashed line in the figure). In simula-
tions by Kim et al. (2013) the measured power-law is slightly
steeper than linear. In a subsequent section of this paper we
discuss three possible options to explain this discrepancy: (1)
That the relationship between pressure andΣSFR is truly non-
linear; (2) that the scale-factor p∗/m∗ is non-universal and
increases for gas-rich, high pressure disks; and/or (3) that
alternate mechanisms, such as mass-transport within a disk,
also provide pressure support.
It is important to note that both systematic and observa-
tional uncertainties in the calculation of P/k and ΣSFR can
affect these results at the factor of a few level. For exam-
ple, to calculate mass surface density we estimate the size
of the disk as Rdisk = 2 R1/2. However, since pressure scales
as mass surface density squared, adopting a different charac-
teristic radius of the galaxy would alter pressure more than
ΣSFR. The median value for these low pressure systems is
P/ΣSFR ≈ 9× 103 km s−1, which is only a factor of a few
higher than the theoretical prediction, and as shown in Fig. 4
the predicted value falls within the scatter of low pressure
systems. Considering this we therefore conclude that for
disks with lower values of pressure (P/k < 106 cm−3 K) the
data are within uncertainty of the predictions from the mod-
els. This is to say that our data suggests that local Universe
spirals are consistent with theoretical predictions of ΣSFR −P
from feedback regulated star formation models. This is simi-
lar to the results of Herrera-Camus et al. (2017) who find that
KINGFISH galaxies, with P/k∼ 103.5−104.5 are consistent
with predictions from Kim et al. (2013).
High pressure systems, P/k > 106 cm−3 K, however, do
not appear to be reconcilable with even generous estima-
tions of the uncertainties. If we consider only those sys-
tems with P/k > 106 cm−3 K, we find an average value of
< P/ΣSFR >≈ 4.4×104 km s−1. This is more than an order-
of-magnitude larger than the theoretical prediction, as shown
in Fig. 4.
In light of these high values of P/ΣSFR in DYNAMO
galaxies, we now consider the zero-point in Fig. 2. We can
compare the scale-factor in Fig. 2 to that of Fig. 4 by solv-
ing each theoretical prediction for p∗/m∗. Shetty & Os-
triker (2012) predict that σ ≈ 0.366(t f f /tdep)(p∗/m∗), where
t f f is the free-fall time. Note this is adopted from Equa-
tion 20 of Shetty & Ostriker (2012). The estimate using tdep
and σ does not require all of the assumptions that go into
measurement of galaxy pressure (described in detail in the
Appendix), most notably galaxy sizes are not used in this
case. However, this derivation depends on an assumption
of the free-fall time, which introduces a source of uncer-
tainty. Nonetheless, we can think of this method of deriv-
ing the scale-factor as a semi-independent check. The free-
fall time of a cloud will depend on the inverse square root
of the local gas density (Krumholz et al. 2012). For a gas-
rich, turbulent disk Krumholz et al. (2012) suggests values
of t f f ≈ 1 − 10 Myr. Using this range we derive values of
p∗/m∗ ≈ 104 −106 km s−1 for DYNAMO galaxies, which is
consistent with our estimate from P/ΣSFR. We find that for
individual galaxies there is a high-scatter correlation consis-
tent correlation that finds on average the values of p∗/m∗
derived from the two methods are in agreement.
We caution that it is not necessarily the case that P/ΣSFR
is a unique, robust tracer of the true physical balance of these
quantities over the entire range of galaxies. That is to say,
systematic uncertainties could affect this correlation at some
level. Most notably, the CO-to-H2 conversion factor could be
a function of pressure (Narayanan et al. 2011).
4.3. Dynamical Equilibrium Pressure
We also consider the “dynamical equilibrium pressure” as
described in Kim et al. (2011),
PDE ≈
piGΣ2g
2
+Σg(2GρSD)1/2σ (7)
where ρSD is the total mid-plane density, including dark mat-
ter and stars, as defined in Ostriker & Shetty (2011). The
total mid-plane density ρSD = Σ∗/hz + (Vf lat/Rdisk)2/(4piG).
The quantity hz is the disk thickness; we describe how we
calculate it Appendix. As described before we make the sim-
plifying assumption that in galaxies with high gas velocity
dispersion, like the DYNAMO sample, the velocity disper-
sion measured from ionised gas is a good representation of σ
for the total gas. The dynamical equilibrium pressure is an
alternate description of the pressure, under the assumption
that the system has evolved to its equilibrium state in which
pressure balances the feedback mechanism.
An interesting feature of representing pressure as done in
Equation 7 is that this directly ties the result in Fig. 2 to the
effect of increasing pressure. We note again that this is under
the assumption that σz ≈ σlos. If vertical dynamical equilib-
rium in a disk is satisfied then Ostriker et al. (2010) predicts
that P ∝ Σ√ρSD, and also as discussed above ΣSFR ∝ PDE .
Therefore in order for both a linear (or nearly linear) rela-
tionship between pressure and also tdep ∝ 1/σ to both hold
the stellar gravity term (σ
√
2GρSD) from Equation 7 must
dominate over the gas gravity term (piGΣ/2). Therefore a
direct prediction of the feedback-regulated theory of star for-
mation in star-bursting disk galaxies, which we can test with
our data, is that piGΣ/2 < σ
√
2GρSD. We find that for all
galaxies in the DYNAMO sample the stellar gravity term
dominates over the gas term. We find that on average the
ratio of star-to-gas terms is ∼7. The lowest values of star-
to-gas terms are in systems with, as one would expect, larger
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gas fractions, Mmol/Mdyn ∼ 30− 80%, however the ratio re-
mains above one reaching down to as low as ∼3 for galaxies
in our sample.
5. DISCUSSION OF RESULTS
5.1. Inverse Correlation of tdep and σ
In Fig. 2 we show a strong correlation (r ≈ −0.8 and
p-value=10−4) between the molecular gas depletion time
and velocity dispersion of the ionized gas, such that tdep ∝
σ−1.39±0.23. We have tested this correlation against the sys-
tematic uncertainties introduced from the scaling of both
ionized gas emission lines to star formation rates as well as
converting CO(1-0) line flux to molecular gas mass. We find
the correlation in our sample to be robust. Indeed we find that
tdep correlates more strongly with σ than any other parameter
we compared it to (e.g. SFR/M, ΣSFR, tdyn, Σstar).
The inverse correlation between tdep and σ seems inconsis-
tent with predictions in which the turbulence is driven only
by gravity, that do not incorporate more complex treatments
of turbulence (e.g. Federrath & Klessen 2012).Krumholz
et al. (2012), in their Equation 18, determine that for a sys-
tem in which the turbulence is driven exclusively by gravity
the tdep ∝Qtdyn, where Q is Toomre’s stability parameter and
tdyn is the dynamical time of the galaxy. The depletion time
of marginally stable disks, such as our sample, is therefore
predicted to mostly be driven by the dynamical time, how-
ever our data set does not support a strong correlation be-
tween tdyn and tdep. We note the caveat that though there is
very little evidence to support a galaxy averaged relationship
between tdep and tdyn, Krumholz et al. (2012) suggest that
a local relationship may be stronger (where tdep and tdyn are
measured in radial bins). This is not possible to measure with
our current data set; resolved observations of CO in turbulent
disks would be very helpful to this end.
Theories in which turbulence is driven by feedback (e.g.
Ostriker & Shetty 2011; Shetty & Ostriker 2012; Faucher-
Giguère et al. 2013), however, predict an inverse relationship
tdep ∝ σ−1. As we show in Fig. 2, this power-law slope is
consistent with our observations.
Using a multi-freefall time-scale prescription for the gas
also agree with our results (Federrath & Klessen 2012; Salim
et al. 2015). The critical parameters in these models include
the probability density function, and sonic Mach number of
the gas. These models are not necessarily inconsistent with
feedback driven models, in that feedback could still drive the
compressive form of turbulence, which then produces a dif-
ferent distribution of freefall times.
5.1.1. Possible Implications for Cosmic Evolution of tdep
The results we find in this paper may shed some light on
the observed shallow evolution of depletion time with red-
shift (Genzel et al. 2015; Scoville et al. 2016; Schinnerer
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Figure 5. In the above figure we consider the very simple toy-model
in which the redshift evolution of the depletion time is a function of
the cosmic evolution of the velocity dispersion. The blue shaded
region represents depletion times as determined from a σ−1 depen-
dency, similar to that found in Fig. 2. The values of σ(z) are taken
from Wisnioski et al. (2015). The dashed line represents the ex-
pected evolution if tdep is determined only by the dynamical time.
The red shaded region represents the cosmic evolution of depletion
time from the composite data set of Tacconi et al. (2017). This sim-
ple model is a good match to observations at z > 1.
et al. 2016; Tacconi et al. 2017). Theories that drive gas de-
pletion time via the cosmic evolution of the dynamical time
predict an order of magnitude decrease in tdep. However, re-
cent observations of high-redshift galaxies find that depletion
times drop by a factor of 2-5 from z = 0 to z = 4. As we have
discussed above in the theory of feedback regulated star for-
mation a lower gas depletion time is natural in systems that
have both high pressure and high internal velocity dispersion.
In Fig. 5 we compare the observed cosmic evolution of
molecular gas depletion time to the prediction based on a
simple model using a tdep ∝ σ−1 dependency set to match our
observations in Fig. 2. Wisnioski et al. (2015) presents the
gas velocity dispersion, from emission lines, over a range in
redshift z ∼ 0−3.5. We use the average cosmic evolution of
σ(z), from Wisnioski et al. (2015), to determine tdep(σ) as a
function of redshift. The observed cosmic evolution of tdep is
from the empirical fit to the main-sequence evolution of the
composite data set of Tacconi et al. (2017). The predicted
values of tdep agree with observation for z > 1. This implies
first that our results likely hold on high-z galaxies, at least
in a bulk sense. Moreover, this may imply that star forma-
tion efficiencies at high-redshift are not only regulated by the
availability of gas, but also by the feedback within the disk.
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At z∼ 0 our simple model over-predicts the data by a fac-
tor of 2-3. This is not at all surprising. Many of the assump-
tions that go into our analysis are not valid for low-z spirals.
(We remind the reader that DYNAMO galaxies are atypical
galaxies for the low-z Universe.) First, unlike our galaxies
the velocity dispersion for typical low-z spirals is quite low
(σ < 20 km s−1). As we discuss above ionized gas measure-
ments are more significantly affected by thermal broadening
at low dispersion, and ionized gas in more typical, low SFR
low-z spirals may overestimate the true gas velocity disper-
sion. Also, at z∼ 0 the gas almost certainty becomes far more
dominated by the atomic component than in z > 1 galaxies
(Obreschkow & Rawlings 2009).
In Fig. 5 we also show the expected evolution of the deple-
tion time if it were exclusively a function of the dynamical
time, tdep ∝ tdyn ∝ (1 + z)−3/2 (see arguments in Davé et al.
2011; Krumholz & Burkhart 2016). This predicts signifi-
cantly more evolution than in observations. Similarly, Lagos
et al. (2015) predict a very steep evolution to the depletion
time. We interpret this to imply that internal processes, such
as the regulation of star formation via feedback, are therefore
a dominant factor in determining the evolution of the deple-
tion time over the past ∼10 billion years.
5.2. Implications of ΣSFR −P correlation
We find that in our data set ΣSFR and the mid-plane pres-
sure of galaxies have a very tight correlation across almost 6
orders-of-magnitude in pressure using two different formula-
tions of mid-plane pressure (Fig. 4). These correlations are
found to be sub-linear with ΣSFR ∝ P0.77. Our measurements
are therefore not as steep as theories that predict ΣSFR ∝ P
(Ostriker et al. 2010; Kim et al. 2011).
There appears to be three possibilities to reconcile our ob-
servations with the theoretical predictions: (1) The relation-
ship between SFR surface density and pressure is sub-linear;
(2) the feedback momentum injected into the ISM per unit
new stars formed (p∗/m∗) changes as a function of the lo-
cal ISM properties; and/or (3) alternate mechanisms could
drive turbulence and provide support against gravitational
pressure.
From our data alone we cannot uniquely distinguish be-
tween these scenarios. We will consider these options below.
We note to the reader that there is also the possibility that
each of these options are contributing to the offsets we ob-
serve.
5.2.1. Is ΣSFR versus P truly non-linear?
Benincasa et al. (2016) simulate feedback regulated star
formation, and qualitatively report a sub-linear relationship
between ΣSFR and pressure. They argue that feedback affects
the scale-height of the disk non-linearly, which affects the
pressure and gives rise to this sub-linearity. Benincasa et al.
(2016) do not estimate an actual value to the power-law. So
we cannot quantitatively determine if this effect matches our
data. If so then one could assume that the normalization in
our Equation 6 can be used to estimate the feedback momen-
tum, p∗/m∗ ≈ 2700 km s−1. This is similar to the commonly
adopted value. Quantitative analysis of the ΣSFR −P relation-
ship in 3-D simulations would therefore be informative.
Observational affects could possibly contribute to a non-
linearity as well between ΣSFR and P. Narayanan et al.
(2012) argue from simulations that the CO-to-H2 conversion
factor may be lower in regions of higher molecular gas sur-
face density. We note over the range of normal spirals empir-
ical studies of the CO-to-H2 conversion factor do not find sig-
nificant variation with gas mass surface density (Sandstrom
et al. 2013). Bolatto et al. (2013) argues that the baryonic
surface density could decrease αCO, but this would only be
at the ∼50% level. It would not fully reconcile our most ex-
treme observations in Figs. 4 with the theoretical prediction.
Moreover, global studies of z = 1−2 main-sequence galaxies
find that the standard Milky Way conversion factor is con-
sistent with dust mass estimates (Genzel et al. 2015; Tacconi
et al. 2017). White et al. (2017) find similar results with DY-
NAMO galaxies.
5.2.2. Does p∗/m∗ vary from local spirals to high pressure
turbulent disks?
In theoretical predictions the scale-factor in the relation-
ship between pressure and SFR surface density is directly
proportional to the momentum feedback per stellar mass,
p∗/m∗. In the case that feedback is generated by supernova
this quantity, p∗/m∗, represents the momentum injected into
the ISM from supernova per unit stellar mass of new stars
formed. It is therefore a critical parameter in models of feed-
back regulated star formation. Most theories of feedback reg-
ulated star formation use an adopted or calculated value of
p∗/m∗ ∼ 3000 km s−1 (e.g. Ostriker & Shetty 2011; Shetty &
Ostriker 2012; Faucher-Giguère et al. 2013; Kim et al. 2017).
The dashed line in Fig. 4 is set to represent the theoretical
prediction.
The non-linearity in Fig. 4 could be driven by changing
values of p∗/m∗ across the range of pressures. If this is the
case, our data would be consistent with local spirals, such as
THINGS galaxies, having values of p∗/m∗ that are roughly
consistent with theoretical predictions, but higher pressure
systems have significantly higher values of momentum in-
jection.
We also derive similarly high values of p∗/m∗ in DY-
NAMO galaxies from the tdep −σ correlation in Fig. 2, which
at face value provides a semi-independent line of evidence
that p∗/m∗ is changing. Krumholz & Burkhart (2016);
Krumholz et al. (2017) has likewise noted that feedback-only
models of the ISM have trouble reproducing the large veloc-
ity dispersions observed in z∼ 2 turbulent disk galaxies.
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The universality of p∗/m∗ is currently under some debate.
Some recent simulations suggest that clustering of super-
novae could increase the momentum input per star formation
by factors of ∼10× (Gentry et al. 2017). Conversely, Kim
et al. (2017) find that the injected momentum per mass of star
formation would not be significantly higher in environments
with higher number density of supernovae. More recent sim-
ulations from Gentry et al. (2018) that model feedback in a
3D, magnetized medium argue that previous results may be
due to numerical effects.
We note that in the highest pressure systems p∗/m∗ =
4P/ΣSFR ≈ 105 km s−1, which is higher than even the most
extreme predictions (Gentry et al. 2017). This may indicate
that varying p∗/m∗ alone is not able account for the discrep-
ancy with our data. Resolved observations of ΣSFR and P
in galaxies like DYNAMO would be useful to further under-
stand the range of values of P/ΣSFR.
5.2.3. Are alternate sources of pressure support important in gas
rich disks?
The models we consider above assume that feedback is
primarily driven by supernova. Physical models that in-
clude higher amounts or radiation feedback, for example
larger rates of momentum injection due to the inclusion of
radiation pressure, photoionization and winds (e.g. Hopkins
et al. 2011; Murray et al. 2011; Hopkins et al. 2014) are
able to generate larger velocity dispersions than those that
assume feedback is dominated by supernova, such as Os-
triker & Shetty (2011). This too remains under debate;
high-resolution, detailed simulations of molecular clouds
(Kim et al. 2018) suggest that the contribution that radia-
tion feedback makes to p∗/m∗ would be quite small (101 −
102 km s−1) compared to supernovae. Moreover, radiation
feedback is found to be even less important in high sur-
face density molecular clouds, which the DYNAMO galaxies
would likely contain.
Recently, Krumholz et al. (2017) present a model in which
pressure support comes from both mass transport and feed-
back. Similar to Krumholz & Burkhart (2016), they predict
a linear relationship between σ and SFR that matches data,
including DYNAMO galaxies, with significant scatter. It is
possible that in galaxies with higher gas mass surface densi-
ties, and hence higher pressures, mass transport plays a more
important role. It seems plausible that those galaxies with
larger gas fractions would have both more available gas and
likely experiencing more active accretion, which could drive
more turbulence. However, it is not clear how the relation-
ship between tdep and σ would in general be affected by such
sources of pressure support. In the specific case that energy
lost due to turbulent dissipation is equal to energy injected
for supernovae Krumholz et al. (2017) find, similar to Os-
triker et al. (2010), that tdep ∝ σ−1, which is consistent with
our main result in Fig. 2. It is not clear what values of P/ΣSFR
would exist in this mixed model, nor in those including other
forms of feedback, e.g. radiation pressure.
6. SUMMARY
Overall our results show qualitative agreement with a num-
ber of predictions in feedback regulated star formation mod-
els (e.g. Ostriker & Shetty 2011). These include: (1) an in-
verse correlation between molecular gas depletion time and
gas velocity dispersion; (2) a strong, positive correlation be-
tween SFR surface density and hydrostatic mid-plane pres-
sure (as well as dynamical equilibrium pressure); and (3) the
contribution of stars to the pressure dominates over the gas,
even in very gas rich ( fgas > 50%) galaxies.
We, however, find significant differences in the quantita-
tive details of both the tdep −σ correlation and the ΣSFR ver-
sus pressure correlations. From our data alone we cannot
determine if these correlations imply that (a) the true cor-
relation between ΣSFR and pressure is non-linear or (b) the
momentum injected into the ISM by star formation feedback
(p∗/m∗) varies from low values in local spirals to very ef-
ficient values in high-z turbulent disks. Moreover, higher
spatial resolution observations of molecular gas would help
reduce the uncertainty on pressure. There is evidence from
simulations that one or possibly both of these options may be
contributing to the discrepancies between our observations
and theory.
We have also shown that the predictions of feedback regu-
lated star formation, if modified to scale similar to DYNAMO
galaxies, is able to account for the cosmic evolution of molec-
ular gas depletion time. Going forward comprehensive stud-
ies of both kinematics and gas mass will be useful for de-
termining how relationships like that in Fig. 2 hold in high-
redshift galaxies. For example, at a given redshift does one
see both an increase in σ and decrease in tdep in the same
way as galaxies extend above the main-sequence. We cannot
test this with DYNAMO. Of course high-quality data that can
robustly control for galaxy morphology, etc., is presently dif-
ficult to obtain. Also we note in closing that more exotic pos-
sibilities such as a top-heavy IMF in high ΣSFR environment
(e.g. Nanayakkara et al. 2017) could reduce SFR and thus
flatten out the redshift evolution of tdep; more work to inves-
tigate this possibility could be informative. Finally, as stated
above, maps of gas in turbulent disk galaxies will be crucial
to determine how pressure may be impacting the properties
of massive star forming clusters (as described in Elmegreen
& Efremov 1997).
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Table 3. CO Observations
Galaxy Observation Time on Target Beam Size νCO(sky) Line width FCO Source
Date [hr] arcsec2 [GHz] [km s−1] [Jy km s−1] Source
G10-1 11-Jun-13 1.0 5.86 × 4.55 100.786 358 1.6 ± 0.26 Fisher et al. (2014)
17-Jun-13 1.4
D13-5 30-May-13 1.8 6.32 × 3.54 107.194 334 10.04 ± 0.31 Fisher et al. (2014)
G04-1 21-Jun-13 0.8 10.94 × 5.25 102.027 352 6.63 ± 0.48 Fisher et al. (2014)
16-Jul-13 0.8
G20-2 23-May-14 0.9 9.46 × 4.71 101.017 237 1.57 ± 0.18 White et al. (2017)
G08-5 20-May-14 1.1 5.36 × 4.47 101.812 353 2.44 ± 0.27 White et al. (2017)
D15-3 30-May-14 1.5 6.26 × 4.44 108.023 361 12.8 ± 0.25 White et al. (2017)
G14-1 29-May-14 1.1 7.13 × 4.66 101.803 236 1.69 ± 0.2 White et al. (2017)
C13-1 20-May-14 1.1 5.94 × 4.19 106.851 196 5.84 ± 0.15 White et al. (2017)
C22-2 19-Jul-16 1.9 34.87 × 2.73 107.613 240 2.77 ± 0.19 This Work
D20-1 19-Jul-16 1.1 56.5 × 6.31 107.681 280 3.4 ± 0.37 This Work
SDSS024921-0756 15-Aug-16 2.2 5.3 × 3.16 99.975 300 2.42 ± 0.19 This Work
SDSS212912-0734 9-Jul-16 1.5 4.91 × 3.89 97.357 340 2.26 ± 0.16 This Work
10-Jul-16 3.8
SDSS013527-1039 02-Dec-16 3.4 4.57 × 1.689 102.281 220 4.42 ± 0.2 This Work
SDSS033244+0056 10-Dec-16 1.9 3.39 × 2.17 97.522 460 1.83 ± 0.11 This Work
APPENDIX
A. CO SPECTRA AND OBSERVATIONAL DETAILS
In Table 3 we list the observation parameters and derived fluxes for CO(1-0) observations of DYNAMO galaxies. The observa-
tions were carried out in three separate campaigns with the Plateu de Buré Interferometer, also called NOEMA. All observations
were made with the WIDEX system. Each observing campaign had similar sensitivity goals of ∼1.5 mJy in 50 km s−1 channels.
Of the CO measurements used in this paper 8 have been published in previous work (Fisher et al. 2014; White et al. 2017). Details
of those corresponding observations are also outlined in those papers.
Spectra of new observations are shown in Fig. 6. Similar spectra for previously published observations are given in the
respective publications. For each new observations we plot the flux density in mJy against the velocity in km s−1. The redshifted
CO(1-0) transition is centered at the velocity of 0 km s−1. All fluxes are determined by binning the spectra into 50 km s−1
channels, as described in the methods section.
B. ESTIMATION OF PHYSICAL PARAMETERS FOR MEASUREMENT OF PRESSURE
B.1. Galaxy Sizes
The size of the star light is measured from the continuum observations corresponding to each emission line measurement.
Similarly the sizes used to calculate the SFR surface density is measured from the resolved emission line maps for each target.
For THINGS galaxies Leroy et al. (2008) measures the sizes in stars, SFR and molecular gas, and for those targets we use the cor-
responding measurement to directly measure the associated surface brightness. Our observations of CO(1-0) in most DYNAMO
targets are unresolved source detections, with a handful that are marginally resolved, in which Rdisk is only slightly larger than
the beam size. To calculate the total mid-plane pressure for DYNAMO galaxies we, therefore, must make an assumption on the
sizes of the molecular gas.
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Figure 6. The above spectra represent data for new NOEMA observations used in this work. Each spectrum is centered on the red-shifted
CO(1-0) emission line. All flux densities are measured using a binning of 50 km s−1.
A straightforward method to estimate the molecular gas disk is to assume that the half-light radius of the ionized gas is roughly
equivalent as that of the molecular gas. In the local Universe the surface brightness profiles of gas in disk galaxies have been
shown to be well behaved with a regular, exponential decay (Bigiel & Blitz 2012). In the THINGS sample Leroy et al. (2008)
finds that the average ratio of CO-to-SFR scale-lengths is < lCO/lSFR = 1.0± 0.2. Assuming that the distribution of ionized gas
is a good proxy for the distribution of the star formation, the assumption that R1/2(CO) ≈ R1/2(Hα) would be well justified in
similar galaxies.
Due to the difficulties of such observations there is considerably less work comparing the distribution of molecular gas to
the distribution of stars, or star formation in turbulent disks. Hodge et al. (2015) measure the the size of gas, CO(2-1), and star
formation, 880 µm, in a rare double-lensed system at z∼ 4 with∼ 1 kpc resolution, finding that the respective physical size of the
disk is 14 kpc in CO and∼10 kpc in star formation. Bolatto et al. (2015) studies high-resolution maps of CO(1-0) and CO(3-2) in
two z∼ 2 targets, finding that the CO gas in these targets R1/2(CO)−R1/2(optical)≈1 kpc. Similarly, the sample of Tacconi et al.
(2013), which has considerably lower spatial resolution, nonetheless shows that on average R1/2(CO)/R1/2(optical) ≈ 1 with
standard deviation of 0.5. Dessauges-Zavadsky et al. (2015) map CO(2-1) in a sample of strongly lensed galaxies at z ∼ 2 and
find R1/2(CO)∼ 1−4 kpc, which is similar to our estimates from Hα. We note that more extreme differences have been observed,
however those targets are typically found to have multiple velocity components indicating they are likely ongoing mergers (e.g.
Spilker et al. 2016). Overall, we the observations of main-sequence galaxies at z> 1 seem to suggest that the uncertainty on our
estimation of R1/2(CO) ≈ R1/2(Hα) would be at the ∼20-50% level. Increasing the size of the molecular gas disk by 50% (i.e.
R = 1.5 R1/2(Hα)) would decrease our measured pressures by a factor of 2−3× in DYNAMO galaxies.
For our unresolved observations we can use the measured beam size as an estimate of the “largest possible size" for the
molecular gas disk in DYNAMO galaxies, which will then correspond to a lowest possible pressure. For the 5 galaxies in
which the beam is slightly smaller than Rdisk we use the radius at which the flux from the galaxy is equivalent to the noise. The
median for DYNAMO galaxies the circularized largest possible CO disk radius is ∼ 1.6 times larger than the corresponding Rdisk
measured from the ionized gas. This corresponds to a decrease in the measured mid-plane pressure by a factor of 3-4.
The THINGS observations suggest that for normal spirals, low pressure disks, assuming the molecular gas and star formation
have similar disk sizes is a safe approximations. Observations of higher redshift sources suggest this is roughly a safe assumption,
though molecular disks in these higher pressure systems may be slightly larger. We opt for the simple assumption that Rdisk(CO)≈
Rdisk(ion), as this is consistent with the data and allows us to make a single correction for low and high pressure systems. We
then use the maximum observed CO(1-0) size for each target as the lower bound error on pressure that is introduced from the CO
observations. This uncertainty will be added in quadrature with other uncertainties to determine the lower-limit of pressure for
each target.
FEEDBACK IN GAS RICH DISKS 19
B.2. Stellar Velocity Dispersion
Based on results from Bassett et al. (2014), which compares the velocity dispersion of gas and stars in DYNAMO galaxies,
we find that the standard approximation for stellar velocity dispersion, σ∗ ≈ 1/2
√
piGl∗Σ∗, where the disk scale-length l∗ ≈
Rhal f ,∗/1.76, reproduced measured velocities within ±10 km s−1. We also consider a simpler formulation where σ∗ ≈ σ +
15 km s−1. We find that these result in similar overall values of P when inserted into Equation 5. For the sake of consistency
with previous studies (e.g. Leroy et al. 2008) we use σ∗ ≈ 1/2
√
piGl∗Σ∗. Note as done in Bassett et al. (2014) we assume that
for DYNAMO galaxies σ ≈ σz. More work on the stellar kinematics of turbulent disks would certainly be informative for these
assumptions.
B.3. Total Gas Surface Density
A significant source uncertainty in the calculation of the mid-plane pressure is the estimation of the total gas mass surface
density. Our observations of CO(1-0) only allow for observation of the molecular gas. However, estimations of mid-plane
pressure refer to the entire gas mass surface density, atomic and molecular. Observing atomic gas masses on z ∼ 0.1 galaxies is
difficult with present facilities (Catinella & Cortese 2015), and is a primary goal of future SKA pathfinders. We caution that since
the mid-plane pressure depends on Σ2gas, even small differences in Σgas may significantly affect the slope of correlations.
We use a multi-step method to estimate the total gas density. Observations of local spirals find that Σatm ∼ 5− 10 M pc−2
(e.g Bigiel et al. 2008). We first use a conservative estimate assuming the constant Σatm ∼ 5 M pc−2 to estimate the mid-plane
pressure. Blitz & Rosolowsky (2006) give a correlation between the ratio of molecular-to-atomic gas, Rmol , and the total pressure,
P/k. Using our initial estimate of pressure, which assumed,Σatm∼ 5 M pc−2, we then calculate the expected Rmol for DYNAMO
galaxies. Note that in DYNAMO galaxies the stellar and molecular surface densities are more likely to drive the value of the
pressure. We then re-calculate the mid-plane pressure with the new estimate of Σatm = Σmol/Rmol . We find that for galaxies with
high surface densities of gas (Σmol & 30 M pc−2) the difference in calculated mid-plane pressure (constant versus variable Σatm)
is small, less than 0.01 dex. However for the two lowest surface density galaxies in our sample the difference in pressures reach
0.12 dex. This difference will be reflected in error bars in the associated figures. We rerun this estimation assuming the larger
value of Σatm = 15 M pc−2 as an initial guess. We find this has at most a difference of 0.04 dex in determined pressure, and only
on the two targets with the lowest Σgas.
